Introduction {#S0001}
============

Adropin, an endogenous peptide containing 76 amino acids, is encoded by the energy homeostasis-associated (Enho) gene.[@CIT0001] It is expressed in various tissues and organs, namely, the liver, heart, kidney, and central nervous system.[@CIT0002] Adropin is involved in energy homeostasis and lipid metabolism.[@CIT0003] Adropin is also expressed in regions of the brain that can regulate complex behaviors, including circadian rhythms and feeding-associated rewards.[@CIT0004] A higher adropin level is observed in both the serum and in tissues of rats with streptozotocin (STZ)-induced diabetes.[@CIT0002] Intraperitoneal injection of adropin results in a reduction of food intake and a decrease in body weight in obese mice.[@CIT0001] Adropin-deleted mice show dyslipidemia, insulin resistance, obesity and hepatosteatosis.[@CIT0005] Some clinical studies have indicated that circulating adropin concentrations are decreased in type 2 diabetes with obesity,[@CIT0006] and polycystic ovary syndrome.[@CIT0007] Additionally, the adropin level in obese patients with nonalcoholic fatty liver disease (NAFLD) is much lower than that in patients without NAFLD and healthy controls.[@CIT0008] Therefore, adropin seems to play a role in the glucose homeostasis.

Hyperglycemia has been found to increase signal transducer and activator of transcription 3 (STAT3) by regulating either its gene expression or its phosphorylation.[@CIT0009] Furthermore, STAT signaling contributes to cellular transformation through the modulation of target genes.[@CIT0010] STAT3 may promote the transcription of target genes, including adropin.[@CIT0011] However, the role of STAT3 and adropin in glycemic control in diabetes remains unclear. In the current study, we investigated the changes of adropin in diabetic rats, and the mechanism that governs this effect has subsequently assessed.

Materials and Methods {#S0002}
=====================

Animal Experiments {#S0002-S2001}
------------------

Male Sprague-Dawley (SD) rats weighing 250 to 280 g were obtained from the National Laboratory Animal Center (Taipei, Taiwan) and used in animal experiments that were performed under anesthesia with 2% isoflurane to minimize suffering. The experimental protocols were approved by the Institutional Animal Ethics Committee (103,120,201) at the Chi-Mei Medical Center. All experiments conformed to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health as well as the guidelines of the Animal Welfare Act.

A type 1-like diabetes was induced in fasting rats by a single intraperitoneal injection of streptozotocin (STZ) 60 mg/kg (Sigma-Aldrich, St. Louis, MO, USA).[@CIT0012] Three days after STZ administration, the animals with a non-fasting plasma glucose levels greater than 350 mg/dl might indicate diabetes.[@CIT0013] All experiments were performed 4 weeks after diabetes induction. The age-matched rats were used in the present study and the total number was 42 rats while 36 rats received STZ injection for diabetes induction.

The nondiabetic control group were treated with a distilled water vehicle. To compare the adropin level at different glucose conditions, the STZ-diabetic rats were treated daily for 7 days with long-lasting human insulin (1 IU/kg; Monotard^®^ HM., Denmark, i.p.) or phloridzin (1 mg/kg; Fluka Chemie AG, Switzerland, i.p.)[@CIT0014] or vehicle, respectively.[@CIT0013] Phloridzin is a glycoside of phloretin, which is an established inhibitor of sodium glucose cotransporter (SGLT) to attenuate the hyperglycemia through inhibition of glucose reabsorption in intestine and/or kidney.[@CIT0015] Stattic is a pharmacological inhibitor of STAT3, which could be used both in vitro and in vivo.[@CIT0013] To investigate the interaction between adropin and STAT3, Stattic (ab120952, Abcam, Cambridge, UK) at indicated doses (1 mg/kg/day or 2 mg/kg/day) or vehicle were intravenously administered to the other groups of STZ-diabetic rats for 7 days.[@CIT0013] After the last dosing, rats were anesthetized with 2% isoflurane and blood samples were collected from the tail vein. Then, the livers were rapidly collected from the sacrificed animals. All samples were stored at −80°C until processing.

Biochemical Assay {#S0002-S2002}
-----------------

To investigate the changes in diabetic rats, blood glucose levels were determined using commercial kit (DiaSys Diagnostic Systems, Germany).[@CIT0012] The levels of plasma Adropin were determined using commercial kit (Peninsula Laboratories International, Inc., San Carlos, CA, USA) as described previously.[@CIT0002]

Cell Cultures {#S0002-S2003}
-------------

The human hepatoma cell line (HepG2 cells) obtained from the Culture Collection and Research Center of the Food Industry Institute (BCRC No. 60,025) were cultured in the Dulbecco's modified Eagle's medium (DMEM) (GE Healthcare Life Sciences, Pittsburgh, PA, USA) containing 10% fetal bovine serum (GE Healthcare Life Sciences, Pittsburgh, PA, USA), 1% penicillin/streptomycin (GE Healthcare Life Sciences) under standard conditions (95% air, 5% CO~2~, 37 °C). HepG2 cells (1×10^6^ cells/dish) were seeded in the 10-cm culture dishes.

To investigate the change of adropin in HepG2 cells under high-glucose conditions, cells were incubated in serum-free medium with varying concentrations of D-glucose (10, 20 or 30 mM) for 48 h. HepG2 cells exposed to normal medium containing 5.5 mM glucose were used as the controls for comparison. HepG2 cells treated with the culture medium supplemented with 30 mM mannitol to get an osmotic control as 30 mM glucose.

Small Interfering RNA (siRNA) {#S0002-S2004}
-----------------------------

To understand the interaction between STAT3 and adropin, cells were transfected on 6 well plates at \~70% confluency. STAT3-specific siRNA (siSTAT3, 40 pmol, Dharmacon, Lafayette, CO, USA) or scrambled siRNA (Sc) were transfected into cells using Lipofectamine 2000 (Thermo Fisher Scientific, Inc., ‎Waltham, MA, USA), according to the manufacturer's protocols. Twenty-four hours after transfection, the cell culture medium was replaced with fresh medium, before being further investigated as described in our previous report.[@CIT0013]

Intracellular Reactive Oxygen Species (ROS) and Superoxide Measurement {#S0002-S2005}
----------------------------------------------------------------------

Intracellular ROS generation during hyperglycemia in HepG2 cells was measured by dihydroethidium (DHE) (Thermo Fisher Scientific Inc., Rockford, IL, USA) following a previous study.[@CIT0016] Cells were treated with high glucose plus tiron (1 µM or 5 µM) for 48 h. Tiron (4,5-dihydroxy-1,3-benzenedisulfonic; Sigma-Aldrich) is a membrane-permeable antioxidant,[@CIT0017] which has been shown to have a hepatoprotective effect.[@CIT0018] Cells treated with Tiron at the indicated concentrations did not show noticeable change in the cell growth. After treatment, HepG2 cells were incubated with DHE, a unique cell-permeable fluorogenic probe for 30 min at 37 °C and fixed. The fluorescence at Ex/Em=495/529 nm in the samples were measured by microplate reader.

Western Blotting Analysis {#S0002-S2006}
-------------------------

The protein samples were extracted from rat liver tissues and HepG2 cells. Equal amounts of protein (20 µg/lane) were separated using 10% sodium dodecyl sulfate -polyacrylamide gel electrophoreses (SDS-PAGE) and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were further incubated overnight at 4°C with primary antibodies against p-STAT3 (1:1000, phosphor-Y705, ab76315, Abcam, Cambridge, UK), STAT3 (1:1000, ab68153, Abcam), and β-actin (1:5000; Sigma-Aldrich). The membranes were continuously incubated with appropriate secondary antibodies and developed using a chemiluminescence kit (Thermo Scientific, Inc.). The immunoblot densities of the band corresponding to p-STAT3 (88 kDa), STAT3 (92 kDa), and β-actin (43 kDa) were detected and quantified using densitometric analysis.

Reverse Transcription-Polymerase Chain Reaction (RT‑PCR) {#S0002-S2007}
--------------------------------------------------------

Total RNA was extracted from liver tissues or cell lysates using TRIzol (Qiagen, Hilden, Germany). One microgram of isolated RNA was reverse transcribed into cDNA using Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics, Rotkreuz, ZG, Switzerland). The primer pairs of rat adropin (Enho) (5′-GCTCAACTCAGGCTCAGGAC-3′; 5′-CGACTTTCCAAGGAGGCTGT-3′) or human Enho gene (5ʹ-GTTGTCCCGCCTCTC-3ʹ; 5ʹ-CCACACACAGCGACTTCTTG-3ʹ) were designed by Roche Diagnostics based on a previous report.[@CIT0003] For quantification, real-time PCR analysis was performed using TaqMan PCR reagent kit (Roche Diagnostics) on a Light Cycler 480 II (Roche Diagnostics). The relative fold changes were quantified using the comparative threshold cycle method, and β‑actin was used as the internal control.[@CIT0019]

Statistical Analysis {#S0002-S2008}
--------------------

The results are showed as the mean ± SEM of the group of samples (n=6). Data were statistically analyzed using one-way analysis of variance followed by a post hoc Tukey's multiple comparison test. Data analysis was performed using SPSS version 17 (IBM, Chicago, IL, USA). P \< 0.05 indicated significant difference.

Results {#S0003}
=======

Correction of Hyperglycemia Reversed the High Expression of Adropin in Diabetic Rats {#S0003-S2001}
------------------------------------------------------------------------------------

An increase in plasma glucose was observed in diabetic rats as compared to normal rats ([Figure 1A](#F0001){ref-type="fig"}). After 7 days of treatment with insulin or phloridzin, the plasma glucose levels were significantly reduced in these diabetic rats, which was similar to the previous reports.[@CIT0020],[@CIT0021] Treatment of insulin or phloridzin at a dose sufficient to correct hyperglycemia reversed plasma adropin levels in diabetic rats ([Figure 1B](#F0001){ref-type="fig"}). Additionally, Enho expression ([Figure 1C](#F0001){ref-type="fig"}) and p-STAT3/STAT3 expression levels ([Figure 1D](#F0001){ref-type="fig"}) also increased in liver tissues of the diabetic group and decreased in the Insulin- or phloridzin-treated group.Figure 1Changes in glucose levels and adropin concentrations in the serum and liver tissues of diabetic rats. STZ rats were treated with insulin (1 IU/kg, i.p.) or phloridzin (1 mg/kg, i.p.) to correct hyperglycemia. After 7 days treatment, (**A**) The serum glucose levels (**B**) The concentrations of adropin (**C**) *Enho* gene expression in liver tissues (**D**) pSTAT3/STAT3 expression ratio in liver tissues were measured. The values are expressed as the mean ± SEMs (n=6). *\*P* \< 0.05 compared with the normal control group, ^\#^*P* \< 0.05 compared with the vehicle-treated diabetic group.

High Glucose Mediated STAT3 Activation, Enho Gene Expression and ROS Production in HepG2 Cells {#S0003-S2002}
----------------------------------------------------------------------------------------------

In the present experiments, cells were incubated with various concentration of glucose (final concentration range from 10 mM to 30 mM). The ratio of p-STAT3 to STAT3 and *Enho* mRNA levels in HepG2 cells were markedly increased alone with the changes in glucose concentrations ([Figure 2A](#F0002){ref-type="fig"}, [2B](#F0002){ref-type="fig"}). Meanwhile, the mediation of osmolarity in the effects of high-glucose has been ruled out by mannitol. Thus, the possibility that hyperosmolarity affects STAT3 and Enho mRNA expression has been excluded. Moreover, intracellular ROS and superoxide were significant increase in the cells treated with high glucose ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). Therefore, the high glucose improved adropin gene expression in HepG2 cells, which was consistent with that in the diabetic rats.Figure 2STAT3 and Enho expression in high glucose-treated HepG2 cells. Cells were incubated in normal (5.5 mM) or varying concentrations (10, 20 or 30 mM) glucose medium for 24 hours. (**A**) The ratio of pSTAT3 to STAT3 expression, (**B**) *Enho* mRNA levels were increased by glucose at different concentrations. To evaluate hyperglycemia-induced oxidative stress, (**C**) changes in ROS and (**D**) superoxide observed in the cells were measured. The values are expressed as the mean ± SEMs (n=6). \**P* \< 0.05 compared with the normal control group.

The Effects of Tiron in High Glucose-Induced HepG2 Cells {#S0003-S2003}
--------------------------------------------------------

After administered with tiron, the pSTAT3/STAT3 ratio and *Enho* gene expression were decreased ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}) and accompanied by the reduction of high glucose induced ROS and superoxide formation ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}).Figure 3Effect of tiron in high glucose-induced HepG2 cells. Cells were treated with high glucose plus tiron (10^−6^M or 5×10^−6^ M) for 48 h, (**A**) The ratio of pSTAT3 to STAT3, (**B**) *Enho* mRNA levels, (**C**) ROS and (**D**) superoxide production were measured. \*P \< 0.05 compared with the normal control group; ^\#^P \< 0.05 compared with the high glucose treated vehicle group.

STAT3 Mediated *Enho* Gene Expression in High Glucose-Induced HepG2 Cells {#S0003-S2004}
-------------------------------------------------------------------------

To understand the interaction between STAT3 and Enho gene expression in high glucose-induced HepG2 cells, siRNA was used to silence STAT3 expression. The significant decrease of expression of pSTAT3 and STAT3 were confirmed in the cells transfected with siSTAT3 and treated with high glucose ([Figure 4A](#F0004){ref-type="fig"}). Notably, mRNA expression levels of adropin (Enho) ([Figure 4B](#F0004){ref-type="fig"}) were significantly decreased in STAT3 knockdown cells. However, the Enho gene expression did not change in cells transfected with Sc (negative control). Thus, STAT3 silencing reduced Enho gene expression in HepG2 Cells.Figure 4Effects of STAT3 activation on the increase in *Enho* expression in high glucose-induced HepG2 cells. To understand the interaction between STAT3 and adropin, cells were transfected into siSTAT3 (40 pmol) or scrambled siRNA (Sc). Twenty-four hours after transfection, (**A**) Western blot confirmed silencing of STAT3 expression. (**B**) The expression of adropin mRNA (*Enho*) was significantly reduced in cells transfected with siRNA of STAT3. The values are expressed as the mean ± SEMs (n=6). \*P \< 0.05 compared to the normal control group.

Stattic Inhibited the Adropin (Enho) Expression in vitro and in vivo {#S0003-S2005}
--------------------------------------------------------------------

In the present study, cells treated with Stattic at the indicated concentrations did not show noticeable change in cell growth. After treated with Stattic, the expression levels of p-STAT3 and STAT3 were markedly decreased in HepG2 cells ([Figure 5A](#F0005){ref-type="fig"}). Similarly, the mRNA levels of Enho ([Figure 5B](#F0005){ref-type="fig"}) were significantly attenuated in Stattic treated cells. In the diabetic rats, Stattic inhibited STAT3 activation, resulting in the reduction of Enho expression in liver ([Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}). However, administration of Stattic in rats did not affect the blood glucose levels compared with vehicle treated diabetic group ([Figure 5E](#F0005){ref-type="fig"}), which was consistent with a previous report.[@CIT0018] Our result demonstrates that STAT3 activation is associated with adropin expression in diabetic rats. This finding provides additional data to support the hypothesis that the decrease in STAT3 activation results in a reduction in adropin expression in the liver.Figure 5Effects of Stattic on the *Enho* gene expression in high glucose-exposed HepG2 cells and in the liver tissues of diabetic rats. Cells were treated with high glucose plus tiron (5×10^−7^M or 5×10^−6^ M) for 48 h, (**A**) the ratios of p-STAT3/STAT3 protein levels, (**B**) *Enho* mRNA levels were measured. In STZ rat, vehicle or stattic at different doses (1 mg/kg/day or 2 mg/kg/day) were intravenously administered for 7 days, (**C**) the ratio of p-STAT3/STAT3 protein levels in the liver tissues, (**D**) *Enho* mRNA levels in the liver tissues, (**E**) the blood glucose levels were measured. (**C**--**E**) "Con" indicated the nondiabetic control rats. The values are expressed as the mean ± SEMs (n=6). \*P \< 0.05 compared to the normal control group. ^\#^P \< 0.05 compared to the vehicle-treated diabetic group.

Discussion {#S0004}
==========

In the present study, we demonstrated that hyperglycemia may activate STAT3 to promote adropin expression in the liver. This finding is consistent with a previous report,[@CIT0002] which indicated that higher adropin levels occur spontaneously in the livers of diabetic rats. However, the increase in the hyperglycemia-induced adropin expression through STAT3 activation in the liver is a novel finding not previously mentioned.

First, we generated type 1-like diabetic rats using STZ injection, as in a previous report that showed higher adropin levels in both the serum and tissues.[@CIT0002] Interestingly, low plasma adropin is observed in patients without hyperglycemia, including patients with gestational diabetes mellitus[@CIT0022] and polycystic ovary syndrome.[@CIT0007] Therefore, plasma adropin levels seems to be associated with plasma glucose in patients with diabetes. We confirmed this hypothesis by pharmacologically correcting hyperglycemia in diabetic rats. Insulin and phloridzin attenuates hyperglycemia in rats through different mechanisms: insulin decreases blood glucose through receptor-coupled signaling, while phloridzin acts as an inhibitor of renal tubular glucose reabsorption.[@CIT0013] In the phloridzin or insulin-treated diabetic rats, correction of hyperglycemia and reversal of plasma adropin level was observed. Additionally, similar changes in STAT3 activation as those in adropin expression were observed in the liver of diabetic rats. Therefore, hyperglycemia is associated with the increase in adropin in diabetic rats.

Next, we investigated the potential mechanisms of the increase in adropin in the liver using HepG2 cells.[@CIT0023] We applied the mRNA primer for adropin named Enho that is specific for humans.[@CIT0003] HepG2 cells were treated with high glucose levels to mimic diabetic disorders in vitro and confirmed the increased Enho expression or signal transducer and STAT3 activation. STAT3 is a cytoplasmic transcription factor that transmits extracellular signals to the nucleus.[@CIT0024] Activated STAT3 in the nucleus binds to specific DNA promoter sequences to regulate Enho gene expression.[@CIT0011] Hyperglycemia activated STAT3 expression[@CIT0025] additionally increased tissue damage.[@CIT0009] It has been reported that high glucose conditions increased STAT3 phosphorylation and nuclear translocation. In the present study, we confirmed that STAT3 activation and higher expression of the Enho gene were induced by hyperglycemia in HepG2 cells. The phosphorylation of STAT3 at Y705 and S727 induced by high glucose to activate STAT3 in cells may enhance the progression of cancer.[@CIT0026] However, we did not find the same change in HepG2 cells. Moreover, silencing STAT3 reversed the increased expression of Enho induced by high glucose in HepG2 cells. A STAT3 specific inhibitor (Stattic) also reversed the altered Enho expression in cells, as in a way similar to that observed in the type 1-like diabetic rats, thereby indicating that STAT3 regulates Enho expression, which has not been previously mentioned.

An increase in STAT3 phosphorylation by oxidative stress has been previously shown.[@CIT0027] ROS generation by diacylglycerol (DAG)/protein kinase C (PKC) and the NADPH oxidase pathway has been observed in diabetes.[@CIT0028] ROS and/or oxidative stress induced by glucose fluctuations and/or hyperglycemia mediate diabetic complications.[@CIT0029] Generally, glucose fluctuations are more harmful than constant hyperglycemia.[@CIT0030] Therefore, ROS can be vital factors in triggering the activation of downstream signaling pathways, including the STAT3 pathway. We measured the intracellular ROS levels in HepG2 cells and found a glucose-dependent increase in ROS levels in cells. Notably, tiron inhibits the increase in Enho expression and STAT3 activation under hyperglycemic conditions in HepG2 cells. Tiron was previously shown to be an antioxidant,[@CIT0018] and it produces these effects at a dose sufficient to inhibit intracellular ROS in HepG2 cells. There is no doubt that ROS induced by high glucose are responsible for STAT3 activation, similar to previous views.[@CIT0013],[@CIT0019],[@CIT0027] Expression of the Enho gene is promoted by STAT3[@CIT0011] and we confirmed it in HepG2 cells by silencing STAT3 with a specific inhibitor (Stattic). Therefore, hyperglycemia produced ROS to activate STAT3 to induce higher expression of Enho gene in HepG2 cells.

Moreover, treatment with Stattic reversed the plasma adropin levels but did not change the blood glucose levels in type 1-like diabetic rats. Therefore, higher adropin levels in the blood are associated with STAT3 in diabetes. Pharmacologically, Stattic is specific.[@CIT0031] However, Stattic is widely applied as a specific inhibitor of STAT3.[@CIT0013],[@CIT0032] Considering the results in cells using STAT3 siRNA, nonspecific action of Stattic in the current study seems unlikely.

Cytokine receptor-dependent Janus kinase/signal transducer and activator of transcription (JAK/STAT) activation is the main source of STAT3.[@CIT0033] Diabetes is considered in part to be a consequence of subclinical chronic low-grade inflammation.[@CIT0034] The role is cytokines in the pathogenesis of diabetic disorders, particularly type 2 diabetes, has been established.[@CIT0035] However, the current study did not evaluate changes in cytokines that may also influence STAT3 and this is one of the limitations of the study. Additionally, the association of circulating adropin with hepatic adropin is still unclear. This relationship needs to investigate in the near future.

Conclusion {#S0005}
==========

The obtained results showed that the activation of STAT3 is involved in the genetic regulation of adropin, increasing the levels of circulating adropin and promoting Enho expression in the livers of diabetic rats. STAT3 could be a novel therapeutic target to treat complications of diabetes induced by adropin.
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